SUMMARY Driving rabbit atrial trabeculae at a rapid rate for 15 minutes resulted in a decrease in the space constant for electrotonic decay from an average of 670 to 400 ;im. Input resistance, Ru,, as measured by use of a double-barrelled microelectrode, increased from a mean value of 380 kOhms to one of 600 kOhms. The time to return to control values after the end of rapid driving was 20-60 minutes. Similar effects of rapid driving were observed in the presence of atropine, propranolol, and atropine plus propranolol and phentolamine. According to the theory of current spread in a three-dimensional syncytium, a rise of input resistance should be interpreted mainly as an increase of cell-to-cell resistance. We advance the hypothesis that, when driven at their maximal possible rate (or when fibrillating), cardiac cells gain Na + and Ca 1 *, and that this results in partial but reversible uncoupling.
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TWO important mechanisms responsible for conduction disturbances in cardiac tissue are an increase in coupling resistance between cells (Kukushkin et al., 1975 ) and a change in electrogenic membrane properties such as a decrease in resting potential and action potential upstroke velocity, as well as a shortening of the action potential (Arnsdorf, 1977) . It has been proposed, but not experimentally corroborated (Kositsky et al., 1972a; Singer et al., 1973; Sano, 1976 ) that during tachyarrhythmias there is a change in resistivity of the excitable membrane as well as of intercellular electrical coupling. In this study we shall demonstrate a rise of cell-to-cell resistance brought about by driving cardiac muscle at as rapid a rate as possible (experimental simulation of fibrillation). The modulation of cell-to-cell coupling by mediators of the autonomic nervous system was studied as well.
Methods
Sixty-four rabbits weighing 1.5-2 kg were killed by a blow on the neck. A preparation including the SA node, crista terminalis, and right atrial appendage was mounted in a 20-ml perfusion chamber. The composition of the control Tyrode's solution was as follows: NaCl, 136 mia; KC1, 2.7 ITIM; CaCl 2 , 1.8 mM; MgCl 2) 0.5 mM; NaH 2 PO 4 , 4.6 m*t; glucose, 2 g/liter. NaHC0.i was added to maintain a pH of 7.35 at 37°C. The solution was gassed with 95% O 2 and 5% CO2. Perfusion rate was 20 ml/min.
Fibrillation was simulated by driving the isolated right atrium at the maximum frequency at which it could sustain 1:1 propagation (10 -15 Hz) by use of square pulses 2 msec in duration and 5x threshold in strength. Stimuli were delivered through a bipolar electrode placed on the crista terminalis.
Standard methods of recording intracellular potentials by microelectrodes were used . Space constants of electrotoruc decay (A) and input resistance (R, n ) in atrial trabecular structures were measured in 45 experiments. Experiments were carried out in the following order:
(1) determination of cable properties in control Tyrode's solution; (2) high-rate stimulation at maximum frequency for 15 or 30 minutes; (3) determination of cable properties until restitution of initial values.
Measurements of A and R, n were carried out at a location as far as possible from both the site of stimulation (& 1.0 cm) and the edge of the preparation (2= 0.5 cm).
Input resistance was measured with double-barrelled microelectrodes (Johnson and Tille, 1961) . A current pulse, 5x 10~8 A and 100 msec, was injected through one barrel and the other was used for recording the potential drop (Fig. 1) . Input resistance of the tissue was determined as
where AV, -amplitude of potential drop with the electrode tip intracellular; AV 0 = amplitude of potential drop with the tip extracellular, Io = amplitude of the injected current. AVo/Io is input resistance of Tyrode's solution (R, n T). Only microelectrodes with R m T < 100 kOhms were used.
Suction electrodes (Bonke, 1973; Sakson et al., 1974) with an inner diameter of ~200 fim at the tip were used for injecting subthreshold current pulses. The decay of hyperpolarizing electrotonic potentials along the main axis of the fibers was measured VOL. 49, No. 3, SEPTEMBER 1981 with single-barrelled microelectrodes. The exploring microelectrode was mounted on the holder of micromanipulator, lateral movements of which were read with vernier scales accurate to 10 jum. Records were made, starting at a distance of ~300 /nm from the center of the suction electrode (see Fig. 2 ). The amplitude of the rectangular current pulse injected through a suction electrode was approximately 10~b A; the pulse lasted for 100 msec.
Values of A xe obtained by introducing current through a suction electrode into a three-dimensional structure are always smaller than the true space constant in the fiber axis, A,. The value of A x was estimated from A xe as previously described Kukushkin et al., 1974) . It is known that rapid stimulation through extracellular electrodes leads to a release of the mediators, acetylcholine and norepinephrine, from the endings of intramural nerve fibers (Vincenzi and West, 1963) . To assess the possible importance of this complication in our study, rapid stimulation was also carried out in the presence of atropine (seven experiments), the yS-blocker propranolol (eight experiments) as well as in the presence of both cholinergic and adrenergic (a and /?) blockers: atropine, phentolamine, propranolol, (12 experiments). The direct effect of acetylcholine (six experiments) and norepinephrine (five experiments) on Ru, was studied, as well as the effect of norepinephrine on A xe (eight experiments), at a physiological stimulation rate, 2.5 Hz. Statistical significance was tested by Student's t test. The results are presented as mean ± SEM.
Results

Effect of Rapid Stimulation on the Cable Properties of a Tissue in Control Tyrode's Solution
The time-course of the changes in input resistance, R m , and the space constant is seen in Figure  3 . In all experiments, R m increased after rapid stimulation. The increase of R m was more pronounced after 30-minutes than after 15-minutes of stimulation. The space constant invariably decreased as a consequence of rapid stimulation. These changes were reversible. Following a 15-minute period of stimulation, cable parameters return to their initial values in 20-60 minutes. After 30-minutes of stimulation, the recovery time of Rm was more than 60 minutes. The maximum response rate was 14.1 ± 0.54 Hz.
The Possible Role of Autonomic Nerve Stimulation
Blockade of the effect of intramural vagal fibers with atropine (0.5 mg/liter) did not prevent R in from increasing following rapid stimulation for 15 minutes, although the increment appeared to be smaller than under control conditions (Fig. 4A , seven experiments). The maximum response rate was 14.4 ± 1.2 Hz. The time-course of restitution seemed to be consistent with a somewhat smaller initial change. Propranolol (1 mg/liter) had a similar effect on the time-course of R in> as did atropine (Fig. 4B, eight experiments) . The maximum response rate was 11.7 ± 0.9 Hz.
When atropine, propranolol, and the a adrenergic blocker phentolamine (1 mg/liter) were administered together (12 experiments) (Fig. 4C) , the effect of rapid stimulation was still present, the maximum response rate now being 8.6 ± 0.6 Hz.
All blockers tested, whether alone or in combination, had no effect on the value R m when the rate of stimulation was 2.5 Hz (Table 1) . 
I M E m i n
FIGURE 4 Change of input resistance resulting from rapid stimulation for 15 minutes. Values obtained in control solution (%) are compared to values obtained in the presence of atropine (A), propranolol (B) and atropine plus propranolol and phentolamine (C).
TABLE 1 Effect of Various Pharmacological Substances on the Input Resistance of Atrial Trabecular Structures Driven at Frequency of 2.5 Hz
Substances Input resistance (R,,) (kOhms ± BE)
Changes of R( kOhma ± SE)
Control ( 
The Effects of Acetylcholine and Norepinephrine on Cable Properties
These measurements were carried out with preparations driven at a physiological frequency of 2.5 Hz. Acetylcholine (2 mg/liter) increased R m significantly, whereas norepinephrine decreased R m (see Table 1 ). The effects in both instances were reversible on washing with control Tyrode solution.
Norepinephrine induced an increase of A M (see Table 2 ) when using oxygenated Tyrode's solution. Withdrawal of oxygen (95% N 2 , 5% CO 2 ) resulted in a drop of A xe , but the rise of A xe on exposure to norepinephrine still was observed.
Discussion
The space constant determined by passing current pulses through a suction electrode in contact with the surface of cardiac muscle, A Ie , is smaller than its true value, A* (Sakson et al., 1974; Kukushkin et al., 1974) . For evaluation of true values of space constants of electrotonic decay, the model of two-dimensional anisotropic syncytium was applied Kukushkin et al., 1974) . Within the framework of this model, true constants of electrotonic decay measured along fibers A, are expressed as
where R m = resistivity of the electrogenic membrane; b = relation between the cell volume and the area of cell electrogenic membrane; p x = resistivity of the intracellular pathway in the longitudinal direction consisting of myoplasm and intercellular junctions.
The value of input resistance was analyzed by application of the model of three-dimensional anisotropic syncytium Veteikis, 1979) , since the dimensions of the myocardial cells and of the tip of the double-barrelled microelectrode are considerably smaller than the thickness of the fully oxygenated layer of preparation (Pearson et al., 1949) .
In this model Veteikis, 1979) , the input resistance of a homogeneous isotropic tissue, constituted by spherical tightly packed cells coupled with each 
where p v i = resistivity of myoplasm, fn = resistivity of Tyrode's solution, p = resistivity of the intracelluiar pathway, r 0 = electrode radius (tip separation of a double-barrelled microelectrode), r c = radius of cell, A = space constant of electrotonic decay. When A is large as compared with r c , then R m practically does not depend on A and thereby on R ra . Since in rabbit atrium A/r r > 10 •+• 15 , the variation of R m within physiological limits practically does not affect the value of R m . Letting p p , -120 Ohm-cm (Schanne, 1969) , p T -64 Ohm-cm (Sperelakis and Macdonald, 1974) , ro = 0.5 /urn (Johnson and Tille, 1961) , r c = 5 /im (Pevet-Masson, 1979) , we obtain the resistance due to three dimensional spread of current near the tip of the microelectrode equal to 64 kOhms (two first terms of Eq. 3). Thus, double-barrelled microelectrodes can be used to detect changes in the true input resistance of the atrial trabecular structures, in which the order of R in is 300-400 kOhms.
In a multicellular structure, as in cardiac muscle,
where RK = resistivity of intercellular junctions; 1 = interjunctional distance. The present method does not allow a strict distinction between changes in p P ] and RK. However, it seems highly unlikely that major changes of p (i.e., changes of Ru, according to Equation 3) can be explained exclusively on the ground of changes of p v \. It seems likely that the effects of rapid drive, namely an increase in resistivity of an intracellular pathway (average 1.7-fold) and decrease in R m (average 2.3-fold) could be due to activated vagal and sympathetic intramural fibers during rapid driving. It is useful, therefore, to have results indicating that the changes of resistivity of the intracellular pathway and R m cannot systematically be accounted for by an action of acetylcholine and norepinephrine only. Thus acetylcholine increases R m (Table 1) whereas it is known to decrease R m (Fozzard and Sleator, 1967; Giles and Noble, 1976) . From Equation 3 we obtain a 1.25-fold increase in resistivity of the intracellular pathway in atrial trabecular structures. For norepinephrine an increase of A, e (Table  2) has been demonstrated in conjunction with a decrease of R m (Table 1) ; the combination of these two results requires a decrease in resistivity of the intracellular pathway (average 1.13-fold).
To assess further the role of mediators, the effect of specific blockers was investigated. As shown in Figure 4 , the maximal effect of rapid drive on Ru, is depressed with all blockers tested whether alone or in combination. However, we wish to emphasize that even in the presence of atropine plus propran-olol and phentolamine there still is a significant effect of rapid drive on the resistivity of the intracellular pathway.
To account for the increase in coupling resistance during rapid drive, we offer the following explanation: the intracellular concentration of Ca 2+ and Na + increases as a result of activity (Langer, 1965; Glitsch et al., 1970) . There is insufficient pump capacity for extrusion of these ions (Chen and Gettes, 1976) . According to general opinion (De Mello, 1975 , 1976 Weingart, 1977 ) a rise of intracellular Ca 2+ and/or Na + is responsible for uncoupling cardiac cells. Hypoxia also has been shown to uncouple cells (Bredikis et al., 1976; Wojtczak, 1979) , and may be looked on as an additional factor when in vitro preparations are driven at a maximal rate.
It has been suggested that electrical coupling is disturbed in fibrillating hearts (Kositsky et al., 1972a) . Our results provide support for this view since the maximum response rate (present results) is in the range of firing (8-20 Hz) observed during atrial fibrillation (Sano et al., 1967; Kositsky et al., 1972a) . Disturbances of intercellular electrical coupling during fibrillation contribute to disturbances of circular pathways of propagation and elimination of reentry. On the other hand, it must lead to the formation of new sources of multiple ectopic impulses (Kukushkin et al., 1975) . If we look upon fibrillation as a process of disappearance and formation of multiple sources of ectopic impulses (Krinsky, 1966) , a depression of intercellular electrical coupling may lead to acceleration both of the disappearance process for existing reentrant paths and the formation of new reentrant circuits. Outcome in terms of persistence of fibrillation depends on which process-formation or disappearance of multiple sources of ectopic impulse generationprevails.
In relation to the mode of action of neurotransmitters (Woodbury and Crill, 1961; Pelkonen and Tirri, 1972; Kositsky et al., 1972b; De Mello, 1976 ), the present results should draw attention to the fact that acetylcholine and norepinephrine, in addition to acting on the excitable membrane, have a marked effect on the resistance of intercellular contacts in the healthy atria. It is interesting that norepinephrine under normal conditions and under mild hypoxia ameliorates the intercellular electrical coupling (present results), whereas under deep hypoxia (Wojtczak, 1979) norepinephrine depresses intercellular electrical coupling. Therefore it is expedient to study the effect of neurotransmitters on intercellular electrical coupling in cardiac tissue in various pathological conditions.
